ZnO:Mn semiconductor quantum dots were prepared by solution casting led microemulsion route. Quantum dots of average size ∼2 nm were noticed in transmission electron micrographs. The present work highlights colour change phenomena (photochromic effect) of quantum dots while subjected to photon illumination. The magneto-optic measurements e.g. magnetic field (H) vs angle of rotation (θ) show step like behavior and is ascribed to the quantum confinement effect of diluted magnetic ZnO:Mn nanostructures. Further, underlying mechanism responsible for exhibiting photochromism and magneto-optic effects are also discussed.
Introduction
Quantum dots (QDs) or nanoparticles represent collection of atoms which have typical dimensions of the order of 1-100 nm. QDs are attractive as their thermal, electrical, optical and magnetic properties drastically change with the size [1] [2] [3] . Although, properties of nanoparticles are not yet known to the fullest detail, however, light induced * E-mail: best@tezu.ernet.in, mohanta@wisc.edu colour change phenomena (photochromism) was observed since the time of Michel Faraday. In recent years, there has been extensive interest in the photochromic properties of polymer systems [4, 5] . On the other hand, when a small amount of magnetic impurity is introduced into the semiconductor host, the material displays induced magnetism and hence, named diluted magnetic semiconductor (DMS) system. The DMS quantum dots exhibit novel electrical, optical and magnetic properties [6] [7] [8] with respect to their nonmagnetic counter parts. The behaviour of carrier manipulation is the foundation of today's information technology in terms of material density and packaging.
The integrated circuit and high speed electronic devices, which are made up of semiconductors have great success in modern technology. However, all electronic materials (semiconductors) are based only on the "charge" property of the electron. The information storage in terms of magnetic recording using "spin" property of the electron has been subject of recent interest in ferromagnetic QDs systems [9, 10] . In this context, DMS systems would be advantageous in the sense that in addition to the charge confinement and transport, spin transport and spin manipulation is highly feasible for storing, writing and retrieving information. In the present paper, we highlight fabrication of ZnO:Mn QDs by inexpensive microemulsion technique. Further, photochromism, and magneto-optic properties of the synthesized QDs have been investigated at 300 K.
Experimental: principles and procedures

Microemulsions and reactions
A microemulsion can be defined as a thermodynamically stable isotropic dispersion of two immiscible liquids consisting of nano-size domains of one or both liquids in the other, stabilized by an interfacial film of surface active molecules. Microemulsions may be classified as water-inoil (w/o) or oil-in-water (o/w) depending on the dispersed and continuous phases. In both cases, the dispersed phase consists of monodispersed droplets in the size range of 100-1000 Å. It is known that when microemulsions contain comparable amounts of oil and water, some of these systems may show a bicontinuous structure. Microemulsions were first introduced by Schulman and his co-workers in 1943 [11] . They have explained that the microemulsions were spontaneously formed with the uptake of water or oil due to the negative transient interfacial tension which allows the free energy to decrease as the total oil-water interfacial area increases. At equilibrium, the oil/water interfacial tension becomes zero or a very small positive number of the order of 10
In water-in-oil microemulsions, the aqueous droplets continuously collide, coalesce and break apart resulting in a continuous exchange of the solute content. The collision process depends upon the diffusion of the aqueous droplets in the continuous media, i.e. oil, while the exchange process depends on the attractive interactions between the surfactant tails and the rigidity of the interface, as the aqueous droplets approach close to each other. For reactions in water-in-oil microemulsions involving reactant species totally confined within the dispersed water droplets, a necessary step prior to their chemical reaction is the exchange of reactants by the coalescence of two droplets. When chemical reaction is fast, the overall reaction rate is likely to be controlled by the rate of coalescence of droplets. Therefore, properties of the interface such as interfacial rigidity are of major importance. A relatively rigid interface decreases the rate of coalescence, and hence leads to a low precipitation rate. On the other hand, a substantial fluid interface in the microemulsion enhances the rate of precipitation. Thus, by controlling the structure of the interface, one can change the reaction kinetics in microemulsions by an order of magnitude. Conceptually, if one takes two identical water-in-oil microemulsions and dissolves reactants A and B respectively in the aqueous phases of these two microemulsions, upon mixing, due to collision and coalescence of the droplets, the reactants A and B come in contact with each other and form AB precipitate.
This precipitate is confined to the interior of the microemulsion droplets and the size and shape of the particle formed reflects the interior kinetics of the droplet. This is one of the principles utilized in producing nanoparticles using microemulsions (Fig. 1) . However, nanoparticles can also be produced in microemulsions by adding a reducing/ precipitating agent, in the form of a liquid or a gas, to a microemulsion containing the primary reactant dissolved in its aqueous core. 
Fabrication process
ZnO:Mn QDs were fabricated by microemulsion method following previously reported works [12] [13] [14] . To prepare the 1 set, 1.7 gm of ZnCl 2 1 and 0.01 gm of MnCl 2 2 are added in 250 ml of D/D water at moderate stirring. 10 ml of the as-prepared solution was taken and then, 13 ml of n-Heptane 3 and 3 ml of Butanol 4 were added to it thus, producing a two-phase mixture. In order to make a homogeneous solution, the surfactant cetyl trimethyl amonium bromide (CTAB) was used.
In the 2 set, 10 ml of 0.1M NaOH 5 , 13 ml of n-Heptane and 3 ml of Butanol are mixed. Then, CTAB was used to mix up two phases and hence, a homogeneous solution was obtained. Next, the two sets of solutions are mixed and stirred for ∼4 hours followed by reflux in a high speed centrifuge (10000 rpm, R-24 Remi) for 20 mins. Finally, the gel was washed by a mixture of CH 3 OH 6 and CH 3 Cl 7 . The ZnO:Mn QD sample so obtained was kept ready for characterization. The microemulsion synthesis procedure is shown in the form of a block diagram (Fig. 2). 
Photochromic effect
In order to study photochromic effect the UV-Visible spectrophotometer (U-2001, Hitachi) was used. For different incident light wavelengths, corresponding transmitted wavelengths were measured (Fig. 3) . At first, the transmittances of the empty cuvette were taken for different wavelengths of light. Then, the transmission response was measured for the cuvette containing QD-sample. Therefore, resulting transmittance values in the reference mode were recorded. The photochromic effect was studied for three different monochromatic light beams viz., 543.5 nm, 594.1 nm and 632.8 nm, respectively. A scheme of photochromism is shown in Fig. 3. 
Magneto-optic set-up
A red diode laser (Power=2 mW, λ=670 nm) was used as a monochromatic source to study magneto-optic effect. As shown in Fig. 4 , the incident light beam was polarized by means of a polarizer and allowed to pass through the sample in such a way that the light beam is along the direction of the magnetic field. The cuvette containing QD sample was kept in between the pole pieces of an electromagnet and the alignment was done with the help of mirror adjustments. On passing through the sample the light beam gets reflected back by a mirror. This emergent light beam was then analyzed by means of an analyzer and photo-detector set-up.
Results and discussion
The transmission electron micrographs of the ZnO:Mn QDs, shown in Fig. 5 , depicts that the synthesized QDs have size range 2-9 nm. It is clear from the figure inset that most of the QDs are of average size ∼ 2 nm. The QDs are spherical in shape and isolated from each other. The microemulsion method hes led to unclustered QDs which is otherwise difficult while adopting conventional nanostructur synthesis [15, 16] . It is known that photochromism is a light sensitive phenomenon [17] . The photochromic materials display colour change phenomena while subjected to incident photons of definite wavelength. When the light source is withdrawn, the sample material reverts back to its original state. Note that QDs possess tunable energy gap with size variation, known as quantum size effect. In addition, we believe, the presence of transition metal ion e.g. Mn in ZnO host, can actively contribute to photochromism owing to variable oxidation states. When light of particular wavelength is allowed to incident on the QD sample, there is substantial modification in the electronic structure of the QDs which could lead to emergent light of different wavelength. Generation of second and/or third harmonics in nanomaterials involves two/three photon absorption (TPA) and is due to a purely nonlinear optical phenomena [18, 19] . Magnetization induced third harmonic generation have been reported in the recent past [20] . On the other hand, photochromism deals with the transient excitation of electrons and involves change in oxidation state of a particular ion temporarily. In a photochromic material [21] , the transmitted wavelength (λ ) through the sample is given as
where, λ is the incident wavelength and T is the transmittance upon illumination. Variation of transmitted wavelength is observed with respect to incident wavelength. Fig. 6 displays λ vs. T and suggests that transmittance is suppressed significantly due to Mn doping, by a factor of 6 while Mn-concentration in the QDs varies between 0-0.5%. Transmission to some extent, was seen to be dependent on the incident wavelength λ . Next, referring to Fig. 7 one can say that Mn-doping has substantial effect on photochromism. We speculate that suppression in the transmittance accounts for the light absorption and the electron excitation, which ultimately gives out light of higher wavelength. It was revealed that on increasing Mn-concentration, one can produce efficiently red light out of incident light in the visible region. Magneto-optic effect is related to noticeable optical phenomena induced by magnetism. Faraday's relation as a consequence of magneto-optic effect is given by [22] :
where H is the external magnetic field, L is the length of the specimen; is the Verdet's constant. The linear response between θ and H has been previously reported in ZnS:Mn nanoaggregates [23] . The present ZnO:Mn QDsystem has isolated QDs and therefore, there might be substantial variation in effective L which can lead to deparature from the linear relationship between θ andH The magnetic energy experienced by Mn 2+ ions in the QDsystem is given by:
where µ is the permeability of ZnO (µ = µ 0 µ , µ =28 at 300 K). The θ vs. H experimental data for ZnO:Mn QDs (Mn 0.5%) system is shown in Table 1 and Fig. 8 . It is expected that owing to the presence of Mn-ions (which have unpaired electrons in the valence shell) in conventional Zn-sites, Mn 2+ ions can experience magnetization along the preferred magnetic field direction (Fig. 4b) and therefore, capable of inducing magnetism in QDs. Of course, the nature of alignment of the magnetic dipoles depends on the applied field strength. In the absence of magnetic field, a light beam of comparatively large wavelength (λ=670 nm) can pass through the specimen containing ∼2 nm QDs (as if transparent) without any departure from its original path. Nevertheless, when magnetic energy is coupled to the incoming optical energy, situation becomes completely different. It is expected that the magnetic energy coupled with the polarized incident light in the vicinity of confined nanostructures, could result in deviation of emergent light by certain angle along the same plane of polarization. Previously, it was claimed that enhancement of θ was due to increased magnetization [24] . Accordingly, it should be worth mentioning here that on increasing magnetic field, Faraday rotation would increase in view of strong coupling of magnetic and optical energy. It was reported that the spatial localization of the optical wave resonant to the microcavity mode leads to the Faraday effect enhancement observed in magnetophotonic crystals with the magnetic garnet [25, 26] and Co-ferrite [27] spacers. In our case, the observed step like behaviour in θ vs. H plot is quite interesting and suggests occurrence of discrete energy states in the said diluted magnetic QD system. To check the validity of the steplike response, we have analyzed the data in order to compute Verdat coefficients by considering means of a set of data points of a particular step and compared with the linear trendline fit. The fitting trace (with zero intercept and within an rms error ±0.001%) gives out a slope of 0.008 and hence predicts Verdat constant value as large as 8.0x10
−3 deg G for an optical path length L=1 cm. The order of magnitude is close to the values observed in a similar system e.g. ZnS:Mn [23] . It is possible that there could be minor variation in θ corresponding to every H, the magnetic field but due to the limitation of the analyzer (least count 0.1 deg) only significant changes were detectable with absolute accuracy. Beyond H= 550 G, we notice deviation from step like response. We speculate that as we have used continuous laser light and the Faraday rotation was recorded at different magnetic fields there might be chances of agglomeration or precipitation in the sample chamber containing QDs. Therefore, decrease in θ should be due to instability in the sample due to limitation of our experimental arrangements. Considering the application of magneto-optical materials for laser diodes operating at visible red to IR-region, it is very important to obtain information about the Faraday effect at specific wavelengths. In this context, our QD sample ensure appreciable Faraday effects which might lead to development of Faraday rotator, isolator and laser diode. 
Conclusions
To summarize, we have produced reasonably good, spherical and isolated ZnO:Mn QDs following microemulsion technique. Mn-concentration dependent photochromism was observed in ZnO:Mn systems. An increase in Mnconcentration is found to increase corresponding wavelength of transmission. The magneto-optic effect describes anomaly in the linear response owing to presence of isolated QDs in the sample which had led to effective variation in L. Increased values of Verdet coefficient suggest that there is significant enhancement in the magnetization. The step-like response is expected due to occurrence of the available discrete energy states owing to quantum confinement effects of diluted magnetic QDs. A detailed mechanism to understand step like response is in progress.
